From early April into mid-June 1977, sequential groups of juvenile rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta) were each exposed for 10 days to the parasite Myxobolus cerebralis by immersion in a stream inhabited by infected wild trout. Following incubation in a M. cerebralis-free facility, trout were subsequently killed, and heads and gill arches were examined by routine histologic methods. A grading scale to quantify lesion severity was developed and applied. Percentage infected, lesion severity scores, effects of water temperature and flow rates on percentage infected and lesion severity scores, and resulting pathology were determined for each species at each exposure period. The percentage of rainbow trout infected with M. cerebralis was significantly higher than the percentage of brown trout infected for each exposure period. The percentages of rainbow trout infected in exposure periods later in the calendar year were significantly higher than those in earlier periods. The percentages of brown trout infected were not significantly different among exposure periods. Overall average lesion severity scores were significantly higher in rainbow than in brown trout. Lesion severity scores in rainbow trout increased over time (a positive correlation with exposure period). Lesion severity scores were not significantly different for brown trout among exposure periods. A significant correlation existed between water temperature and percentage of rainbow trout infected; a significant correlation also existed between water temperature and lesion severity scores in rainbow trout. Similar correlations did not exist for percentage of brown trout infected or accompanying lesion severity scores. In rainbow trout, ventral calvarium was the most common site of M. cerebralis replication, followed by gill arches. In brown trout, lesions were virtually confined to gill arches. Early lesions consisted of foci of cartilage necrosis with small numbers of M. cerebralis developmental stages. More advanced lesions consisted of multifocal areas of cartilage necrosis with numerous M. cerebralis developmental stages and/or mature myxospores bordered and/or infiltrated by mono-and multinuclear leukocytes. Lesions in brown trout were smaller and had fewer associated leukocytes and M. cerebralis developmental stages and/or mature myxospores. Higher infection rates, lesion severity scores, and differences in lesion location in rainbow versus brown trout explain in part why numbers of rainbow but not brown trout have fallen in western rivers inhabited with M. cerebralis-infected trout.
Whirling disease, caused by the myxosporean parasite Myxobolus cerebralis, has been incriminated as one cause of recent declines in rainbow trout (Oncorhynchus mykiss) populations in certain Colorado and Montana river systems. 11, 14, 16, 17 Myxobolus cerebralis replicates in the cartilage of salmonid fish and can cause skeletal deformities, a loss of equilibrium, whirling swimming patterns (from which the disease takes its name), and death. 9 Death has historically been attributed to widespread cartilage destruction with associated granulomatous inflammation, damage to organs of equilibrium, and decreased resistance to environmental stresses or other infectious agents. Recent studies have suggested that constriction of the brain stem and spinal cord due to parasite destruction and subsequent inflammation of adjacent cartilage may contribute toward clinical signs and death. 5 In the United States, the first report of whirling disease was in 1958 in Pennsylvania, although M. cerebralis was subsequently found in trout heads from Nevada preserved in 1957. 6, 15 In these cases, circumstantial evidence suggested that importations of infected frozen European rainbow trout were responsible for introduction of the disease. 6 Since that time, M. cerebralis has been found in 22 states: Alabama, California, Colorado, Connecticut, Idaho, Maryland, Massachusetts, Michigan, Montana, Nevada, New Hampshire, New Jersey, New Mexico, New York, Ohio, Oregon, Pennsylvania, Utah, Virginia, Washington, West Virginia, and Wyoming. Mechanisms of transmission to noninfected trout living in waterways not previously known to harbor infected fish are usually unknown, especially if the newly discovered infection is in a waterway geographically widely separated from waterways with infected fish. The movement of carrier live trout between waterways has been suggested as a means of transmission. 6 Another possibility is that the parasite is widely distributed and that new detections simply reflect increased sampling efforts.
The life cycle of M. cerebralis is complex, having 2 complete spore-forming phases, 1 in fish and 1 in the benthic oligochaete worm Tubifex tubifex. 10, 18, 19 The spore formed within trout is a myxospore, and the spore formed within T. tubifex is a triactinomyxon. Myxobolus cerebralis myxospores infective for T. tubifex are typically about 10 m in diameter and consist of 2 shell valves joined along a central suture line. Enclosed within the valves are 2 ovoid polar capsules, each of which contain a single coiled polar filament. A binucleate sporoplasm is at the base of the 2 polar capsules. 8 Triactinomyxon spores released from T. tubifex are much larger than myxospores released from trout and are shaped like an anchor or grappling hook. The top consists of an epispore (approximately 36 m in length) that contains 32-50 spherical sporoplasms. The epispore rests on a style (approximately 90 m in length), which in turn is attached to 3 tapering, approximately 170-m-long appendages. 18 Myxospores are released when infected fish die or are eaten by predators. The sporoplasms from myxospores ingested by T. tubifex worms infect and replicate in intestinal epithelial cells and eventually emerge as triactinomyxon spores. 2, 18 Fish are infected either by direct contact with triactinomyxon spores or by ingestion of triactinomyxon spore-harboring oligochaetes. 18 The triactinomyxons adhere to and deliver infective sporoplasms into the epithelium lining the skin, gill, or digestive tract. 3 The sporoplasms of M. cerebralis contain 2 haploid nuclei when injected into the fish epidermis. 7 Shortly after being deposited in the epithelium, the nuclei fuse to create a mononuclear diploid cell. Each sporoplasm subsequently undergoes endogenous division (internal budding) to produce 2 cells: a primary cell that contains a secondary cell within a cytoplasmic vacuole (cell doublet). 3 This cell-withina-cell method of replication is a characteristic feature of the Myxosporea. 4 The nucleus that is free within the cytoplasm of the primary cell is a vegetative nucleus, and the intracytoplasmic secondary cell is a generative cell. Generative cells may undergo mitosis to produce additional generative cells or may undergo further endodyogeny to produce additional vegetative nuclei and next-generation secondary cells (additional generative cells). Primary cells eventually contain multiple generative cells and vegetative nuclei and are termed plasmodia. When the primary cell eventually disintegrates, the released generative cells repeat the cycle, forming new plasmodia. It is these developing stages, particularly cell doublets, that migrate from the epidermis of the fish into the nervous system and enter cartilage. 3 Within cartilage, the cycle of replication continues, and cartilage necrosis is associated with the plasmodium stage of proliferation. 3 At approximately 80 days postinfection in rainbow trout raised in 13-15ЊC water, generative cells begin to pair, with 1 cell enveloping the other. The enveloped cell subsequently divides to produce cells necessary for myxospore development. This spore-forming developmental stage is termed a pansporoblast, and each pansporoblast ultimately produces 2 myxspores. The enveloped cell divides to form 2 valvogenic cells (which become the spore valves), 2 capsulogenic cells (which become the polar capsules), and a binucleate sporoplasm (the infective unit for T. tubifex).
Myxobolus cerebralis infects all species of salmonid fish, but the severity of disease varies among species. Clinical signs of whirling disease have been seen in rainbow trout, brook trout (Salvelinus fontinalis), sockeye salmon (O. nerka), and chinook salmon (O. tshawytscha) following experimental infection. 12, 13 In the same study, clinical signs were not seen in brown trout (Salmo trutta), lake trout (Salvelinus namaycush), and coho salmon (O. kisutch). However, later studies showed that brown trout can suffer clinical disease. 17 In general, rainbow trout are considered highly susceptible to whirling disease, whereas brown trout are usually regarded as more resistant. The cause(s) of observed differences in disease susceptibility among trout species has not been determined.
Infection incidence and lesion severity were compared between brown and rainbow trout exposed to M. cerebralis under identical natural stream conditions and lesions of whirling disease are documented in each species. This study also provided information on the degree of parasite development and amplification in brown and rainbow trout.
Materials and methods
This study was conducted in part in Willow Creek (Jefferson River drainage), a segment of which flows through a mountain valley located in Madison County in southwestern Montana (T1S, R1W, Section 27). This segment of Willow Creek is inhabited by large numbers of M. cerebralis-infected wild trout. 1 The elevation is approximately 1,450 m, and water flows range from a peak of 9.1 m 3 /sec in June to a low of 0.25 m 3 /sec in August. The lowest flows generally coincide with the peak irrigation period in mid-to late summer. Water temperatures range from 0ЊC during midwinter (December/January) to 26ЊC during midsummer (July/August). It is not known when trout infected with M. cerebralis first appeared in Willow Creek.
Rainbow and brown trout were obtained as fry (40-60 mm total length) from hatcheries certified as whirling disease free. Rainbow trout were obtained from a Montana Fish, Table 1 ) were transferred from the Pony laboratory to Willow Creek and placed into a 30 ϫ 30 ϫ 300-cm, dual compartment, aluminum sheet metal tank. Trout were placed in side-by-side but separate compartments within the tank, provided creek water (12 liters/min) containing triactinomyxon stages of M. cerebralis, and held for 10 days. The number of triactinomyxon spores per liter of water was not determined because methodologies necessary to detect this stage of M. cerebralis in large volumes of flowing surface waters had not yet been devised. However, preliminary exposure trials conducted the previous season indicated that triactinomyxon stages appear in Willow Creek in the early spring and continue until late fall (data not shown). The water was equally divided between the 2 compartments and obtained through a polyvinyl chloride pipe whose inlet was placed near an upstream weir. Water exited the tank from the end opposite the inflow pipe and reentered Willow Creek. All groups of fish were exposed under existing stream flows and temperatures (varied with each time period).
At the end of each 10-day exposure period, trout were transferred back to the Pony laboratory holding facility and held for an additional 85-100 days. Average holding times were 92 days for rainbow trout and 93 days for brown trout. The trout were placed into 100-liter aquaria supplied with single-passage 13ЊC well water. Numbers of trout per group, species, exposure dates, days held postexposure, and stream flows and temperatures are provided in Table 1 .
At the end of each holding period, trout were killed by prolonged exposure to 5% tricaine methane sulfonate, a and the heads and gill arches were removed by transverse sectioning just caudal to the gill arches. Whole heads, with attached gill arches, were placed in 10% neutral buffered formalin for a minimum of 24 hr. Preserved fish heads were cut through the median plane, placed cut surface down in standard tissue cassettes and processed for histologic sectioning by routine procedures. Sections were cut at 4 m, stained with hematoxylin and eosin (HE), and examined by light microscopy.
In an effort to quantify lesion severity and correlate longterm survival with histopathologic findings, a grading scheme was developed and followed for each fish. Two veterinary pathologists with experience in examining salmonid tissues independently graded each fish, and average grades were used in the statistical analysis. The grading scheme used is provided in Table 2 . Bonferroni's adjusted z-test for differences in proportions was used to compare percentage of trout infected for each exposure period with the percentage infected in adjacent exposure periods. The overall significance level was 0.05. The average lesion severity score (over all exposure periods) for rainbow trout was compared with the average lesion severity score for brown trout using a paired t-test. Regression analysis was used to examine how lesion severity scores for rainbow and brown trout changed over exposure periods. Correlation coefficients with scatter plots were used to evaluate the effect of water temperature and flow rates on percentage of infected trout and lesion severity scores.
Results
The percentage of trout identified as infected with M. cerebralis and the average lesion severity scores for each exposure period are provided in Table 3 . The percentage of rainbow trout infected was significantly higher than the percentage of brown trout infected at each exposure period (P Ͻ 0.05). The percentages of rainbow trout infected were not significantly different (P Ͼ 0.05) among groups exposed on April 6-16 and April 17-26 (the first 2 test exposures of the calendar year). Likewise, the percentages of rainbow trout infected were not significantly different (P Ͼ 0.05) among adjacent exposure groups in the 6 groups exposed from April 27 to June 24. However, percentage of rainbow trout infected in the April 27-May 5 exposure group was significantly higher (P Ͻ 0.05) than the percentage of rainbow trout infected in the April 17-26 exposure group. There were no significant differences (P Ͼ 0.05) in the percentage of brown trout infected between any adjacent exposure periods.
The average lesion severity score for rainbow trout (over all exposure groups) was significantly greater (P Ͻ 0.001) than that for brown trout. In addition, lesion severity scores in rainbow trout increased over time and had a positive correlation with exposure period (r 2 ϭ 0.886). Lesion severity scores were lowest from April 6 to April 26 (the first 2 exposure periods), with an increasing trend towards a peak during the sixth exposure period of May 26-June 4. A similar correlation was not seen for lesion severity scores in brown trout.
There were significant correlations between percentage of rainbow trout infected and temperature (P ϭ 0.004) and between rainbow trout lesion severity scores and temperature (P ϭ 0.009) (Figs. 1, 2) . The correlation coefficients between percentage of infected rainbow trout and flow (r ϭ 0.56) and lesion severity and flow (r ϭ 0.59) were not significantly different from zero. There were no significant correlations between percentage of fish infected or lesion severity score and temperature or flow for brown trout.
Histopathologic findings in brown and rainbow trout differed in terms of lesion location, severity, inflammatory response, and numbers of M. cerebralis life stages seen. In rainbow trout, the cartilage of the ventral calvarium was the most common site of M. cerebralis replication. Lesions were especially common in the calvarial cartilage just caudal to the pituitary gland underlying the saccus vasculosus ( Fig. 3 ). Lesions were also common in the cartilage surrounding adjacent semicircular canals. Occasional lesions were seen in the caudal dorsal and cranial dorsal regions of the calvarium, usually where the cartilage is thin and bordered by a narrow ridge of bone. The gill arches were the next most commonly affected site in rainbow trout. Lesions were limited to the arches and were not seen in filament cartilages. Less common sites of M. cerebralis lesions were mandibular and maxillary cartilages and cartilages of the fins, operculum, dorsal processes of the cervical vertebrae, and pectoral girdle. In brown trout, lesions were primarily in gill arches, with only rare lesions seen in calvarial or other cartilages.
The earliest lesions noted were M. cerebralis developmental stages in the peripheral nerves and epineurium with no associated inflammation ( Fig. 4) . Early cartilaginous lesions consisted of small foci of cartilage necrosis with small numbers of M. cerebralis plasmodia or other developmental stages (cell doublets, vegetative nuclei, and generative cells, which cannot be distinguished by light microscopy). Leukocytes were either absent or present in low numbers (Fig. 5 ). In more advanced lesions, areas of cartilage necrosis were locally extensive and bordered and/or infiltrated by moderate to large numbers of mononuclear leukocytes and rare multinucleated leukocytes. Developmental stages (combinations of plasmodia, cell doublets, vegetative nuclei, and generative cells) were adjacent to and infiltrated the viable cartilage at the leading edges of necrotic foci, and more mature stages (pansporoblasts and/or mature myxospores) were located near central areas of cartilage necrosis (Figs. 6, 7) . In chronically affected rainbow trout, individual or clusters of mature myxospores were in is- Table 2 ) in rainbow trout and average water temperature for each exposure period. Water temperature variability is Ͻ5ЊC at the time of year the study was conducted. lands of hyperbasophilic cartilage, usually bordered by bone spicules. Inflammatory cells were present in low numbers or were absent (Fig. 8) .
Lesions due to M. cerebralis infection in brown trout progressed through the same stages as those in rainbow trout but were always smaller, less necrotizing, and had fewer associated leukocytes and M. cerebralis developmental stages and/or mature myxospores. Often, M. cerebralis developmental stages were difficult to identify (Fig. 9) , and the only evidence of infection was a small discrete focus of granulomatous inflammation within a gill arch. Coalescing or locally extensive areas of cartilage necrosis, as seen in rainbow trout, were almost never seen in brown trout. In addition, larger numbers of multinucleate leukocytes were among the mononuclear cells in brown trout versus rainbow trout.
Discussion
This study documents M. cerebralis infection rates and the severity and characteristics of resulting lesions in age-matched, naturally exposed brown and rainbow trout. Rainbow trout had significantly higher infection rates and more severe lesions than did brown trout. Moreover, the percentage of rainbow trout infected with M. cerebralis and the lesion severity scores increased with increasing water temperatures, but neither parameter was correlated with rate of water flow. Although other researchers have documented differences in susceptibility of rainbow trout and brown trout to M. cerebralis infection, percent infectivity and comparisons of the resulting pathology have not been reported.
It is unclear why rainbow trout have higher infection percentages and more severe lesions, but several possible explanations should be considered. Triactinomy-xons may have a greater affinity for rainbow than for brown trout; if so, differences documented in this study reflect differential deposition of infective sporoplasms. Additional studies are needed to investigate this hypothesis. It is also possible that the immune system of brown trout is more effective in eliminating the parasite. Differences in the immune response are suggested by the greater numbers of multinucleated cells seen in brown than in rainbow trout. This study does not support the hypothesis that differences in infectivity are due to fewer numbers of triactinomyxons in the water when brown trout hatch (typically March) than when rainbow trout hatch (typically May) because trout in this study were exposure matched.
Besides infection percentage and lesion severity score differences, lesion location may help explain why rainbow trout are more severely affected by M. cerebralis infection than are brown trout. Mortality has been attributed to damage to the organs of equilibrium and destruction of the vertebrae, with secondary spinal cord compression. The organs of equilibrium are located near the ventral calvarium, the most commonly affected site in rainbow trout. Moreover, foci of cartilage destruction were seen in the dorsal processes of vertebrae much more commonly in rainbow than in brown trout.
Do differences in lesion location provide clues to preferential triactinomyxon binding sites, and could these differences explain differences in lesion severity scores? In rainbow trout, triactinomyxons are reported to bind to the epithelium lining the skin, fins, gills, and buccal cavity. 3 Similar data are not available for brown trout, but preferential localization of M. cerebralis in gill arches suggests the possibility that triactinomyxons bind preferentially to gill epithelium in this species. If so, binding to other epithelial surfaces (and subsequent neuronal migration and cartilage destruction) would be less, resulting in fewer lesions. Preferential gill binding would not, however, explain differences in lesion size and inflammatory characteristics, which are likely due to different mechanisms.
Increases in percent infectivity and lesion severity seen in warmer water are suspected to be due to increased numbers of triactinomyxons released from the T. tubifex worms at higher water temperatures, resulting in higher exposure dose. The numbers of triactinomyxons present in the water at different temperatures is under investigation by one of us (ERV), and preliminary data indicate that triactinomyxon numbers peak at approximately 13ЊC.
Correlations between lesion severity and eventual mortality were not evaluated in this study because all fish were sacrificed at specified time points. Moderate numbers of fish died in several of the groups during the study (hence the variable group sizes), but these losses were attributed to water quality perturbations in the Pony holding facility. In follow-up studies using similar fish and exposure conditions, trout that displayed severe clinical signs and gross lesions (whirling behavior, dark tail, and obvious bone deformities) ceased feeding and subsequently died. If sampled prior to death, trout displaying these characteristics are classified as grades 3 and 4.
This study has applicability for trout living in wild habitats because test fish were exposed under natural stream conditions. Although the numbers of triactinomyxons present in the water was not determined, test trout placed in Willow Creek likely have similar exposure doses, over the length of each exposure pe-riod, as do resident trout. Resident trout continue to be exposed (they are not removed from the creek as were test fish) and consequently have lesions at different rather than synchronous stages of development. Even with the limited exposure times in this study, the percentage of rainbow trout infected peaked at approximately 85%, and percentage of brown trout infected peaked at 5%. Moreover, lesion severity scores for M. cerebralis-infected rainbow trout peaked at 3.28 (on a scale from 0 to 4), and those for brown trout peaked at 0.06. Personnel from Montana Fish Wildlife and Parks have detected no bacterial or viral pathogens and only small numbers of external parasites in trout in Willow Creek during annual fish health examinations conducted over the past 10 years. The absence of other pathogens and the differences in percentage of infection, lesion severity scores, and lesion location (anatomically critical ventral calvarium and vertebrae in rainbow trout vs. gill arches in brown trout) implicate infection with M. cerebralis as a major reason why rainbow trout but not brown trout numbers have fallen in western rivers inhabited by M. cerebralis-infected trout.
